We report that the metal-sequestering human host-defense protein calprotectin (CP, S100A8/ S100A9 oligomer) affects the redox speciation of iron (Fe) in bacterial growth media and buffered aqueous solution. Under aerobic conditions and in the absence of an exogenous reducing agent, CP-Ser (S100A8(C42S)/S100A9(C3S) oligomer) depletes Fe from three different bacterial growth media preparations over a 48-h timeframe (T = 30 °C). The presence of the reducing agent β-mercaptoethanol accelerates this process and allows CP-Ser to deplete Fe over a ≈1-h timeframe. Fe-depletion assays performed with metal-binding-site variants of CP-Ser show that the hexahistidine (His 6 ) site, which coordinates Fe(II) with high affinity, is required for Fe depletion. An analysis of Fe redox speciation in buffer containing Fe(III) citrate performed under aerobic conditions demonstrates that CP-Ser causes a time-dependent increase in the [Fe(II)]/[Fe(III)] ratio. Taken together, these results indicate that the hexahistidine site of CP stabilizes Fe(II) and thereby shifts the redox equilibrium of Fe to the reduced ferrous state under aerobic conditions. We also report that the presence of bacterial metabolites affects the Fe-depleting activity of CPSer. Supplementation of bacterial growth media with an Fe(III)-scavenging siderophore (enterobactin, staphyloferrin B, or desferrioxamine B) attenuates the Fe-depleting activity of CPSer. This result indicates that formation of Fe(III)-siderophore complexes blocks CP-mediated reduction of Fe(III) and hence the ability of CP to coordinate Fe(II). In contrast, the presence of pyocyanin (PYO), a redox-cycling phenazine produced by Pseudomonas aeruginosa that reduces Fe(III) to Fe(II), accelerates Fe depletion by CP-Ser under aerobic conditions. These findings indicate that the presence of microbial metabolites that contribute to metal homeostasis at the host/ pathogen interface can affect the metal-sequestering function of CP.
Introduction compared to the apo heterodimer. 46, 47 In the presence of excess Ca(II), the His 6 site binds Fe(II) as well as Mn(II) and Zn(II) with high affinity (e.g. apparent K d,Fe(II) < 2.2 pM, +Ca). 24 Although site 1 also chelates Fe(II), 48 the affinity of this site for Fe(II) is relatively low, and our prior work indicates that only site 2 contributes to Fe(II) withholding. 24 We first recognized the ability of CP to coordinate Fe when we conducted metal-depletion assays to determine which metals CP sequestered from bacterial growth medium. 24 In these studies, we used a Tris:TSB medium commonly employed in studies of CP. 45, 46, 49, 50 This medium is often supplemented with a reducing agent, β-mercaptoethanol (BME, ≈3 mM). Tris:TSB prepared in our laboratory typically contains ≈150 nM Mn, ≈3 μM Fe, ≈5 μM Zn and ≈2 mM Ca. During our initial studies, we found that 10.5 μM CP (250 μg/mL) depleted Mn (≈7-fold), Fe (≈23-fold), and Zn (≈60-fold) when the medium was supplemented with BME. 24 These findings contrast an earlier metal-depletion study, performed using aqueous buffer containing divalent cations, which reported that CP only depleted Mn and Zn, and had no effect on Fe. 41 We proposed that BME reduced the Fe(III) in the aerobic Tris:TSB medium to Fe(II), allowing CP to coordinate Fe(II) with high affinity in the presence of ≈2 mM Ca(II). 24 Nevertheless, we also observed that CP depleted Fe from Tris:TSB in the absence of an exogenous reductant, albeit to a lesser degree (≈3-fold). The absence or presence of a reducing agent had negligible effect on the depletion of Mn and Zn.
In this work, we build upon these observations and examine the effect of CP on the speciation of Fe oxidation state in solution. We report a series of metal-depletion experiments that demonstrate (i) slow (≈48 h) Fe depletion by CP in the absence of an exogenous reductant, and (ii) accelerated Fe depletion by CP in the presence of a reducing agent (≈1 h). An analysis of Fe redox speciation reveals that, in the absence of an exogenous reducing agent, CP causes a time-dependent increase the [Fe(II)]/[Fe(III)] ratio in solution. A similar trend is observed with 2,2′-dipyridyl (DP), an Fe(II) chelator that employs neutral nitrogen-donating ligands. Our results indicate that CP causes a shift in the equilibrium between Fe(III) and Fe(II), which allows CP to bind and entrap this metal ion. Moreover, we show that Fe depletion by CP is attenuated by siderophores and enhanced by the presence of a redox-cycling phenazine metabolite under aerobic conditions. These results indicate that microbial metabolites that are released by pathogens during infection can influence the Fe(II)-sequestering ability of CP.
Results

Iron Depletion Under Aerobic Conditions
We first conducted aerobic metal-depletion assays in Tris:TSB in the absence and presence of ≈3 mM BME (Fig. 2, S1-S3 ). We treated Tris:TSB (±BME) with CP-Ser, ΔHis 3 Asp, or ΔHis 4 (10.5 μM, 250 μg/mL; see Table S1 for CP-Ser variant nomenclature) and monitored the metal-depletion profiles of these proteins over a 48-h time period using ICP-MS (Fig. 2 , S1-S3). The ΔHis 3 Asp and ΔHis 4 variants were used to probe the contributions of each transition-metal-binding site to metal depletion. In the ΔHis 3 Asp variant, the four residues that compose the His 3 Asp site are mutated to Ala residues (Fig. 1) , and the His 6 site is present. In contrast, the ΔHis 4 variant has (A8)His17, (A8)His27, (A9)His91, and (A9)His95 mutated to Ala residues and thus lacks a functional His 6 site. In the presence of BME, CP-Ser and ΔHis 3 Asp readily depleted Fe from the medium within a ≈1-h timeframe. In the absence of BME, Fe depletion by CP-Ser and ΔHis 3 Asp occurred, albeit more slowly, with full depletion observed only at the 48-h time point. As expected, no Fe depletion was observed for the ΔHis 4 variant. We also monitored the depletion of other first-row transition metals by ICP-MS and these data are consistent with our prior observations ( Fig. S1-S3 ). 24 For instance, CP-Ser and ΔHis 3 Asp completely depleted Mn and Zn from Tris:TSB within 1 h, whereas only Zn depletion was observed for ΔHis 4 . As expected, the Mn and Zn depletion profiles were independent of the absence or presence of BME.
To ascertain whether the Fe-depleting behavior of CP-Ser depends on the composition of the growth medium, we repeated this assay using Tris:BHI (≈1.5 μM Fe) and Tris:LB (≈3 μM Fe) mixtures (Fig. S4) . Overall, we observed similar trends in the time-dependent depletion of Fe by CP-Ser in these media compared to Tris:TSB when BME is included. However, we note that the magnitude of this "BME effect" varies depending on the medium with Tris:TSB > Tris:BHI ≈ Tris:LB. Indeed, more Fe was depleted from Tris:BHI and Tris:LB at earlier time points compared to Tris:TSB in the absence of the BME supplement. These three media come from different sources (e.g. brain heart infusion for BHI versus soymeal for TSB) and thus have vastly different compositions and, by corollary, metal (and redox) speciation. We reason that the differences in BME-dependent Fe depletion observed likely arise from such inherent differences.
In total, these Fe-depletion assays demonstrate that the presence of a reducing agent enhances the rate of Fe depletion by CP-Ser and ΔHis 3 Asp in Tris:TSB and to a lesser degree in the two other media preparations examined in this work. On the basis of the slow Fe depletion observed in the absence of a reducing agent, and a lack of evidence for robust coordination of Fe(III) in prior work, we reasoned that the His 6 site of CP-Ser affects the redox speciation of Fe in the growth media and allows Fe(II) to accumulate under aerobic conditions.
Iron Depletion by CP Under Anaerobic Conditions
We next examined the Fe-depletion profile of CP-Ser under anaerobic conditions. We performed the assay in Tris:TSB (±BME) under a nitrogen atmosphere. Overall, the Fedepletion profiles under aerobic and anaerobic conditions are similar for the −BME samples (black circles, Fig. 3 ) and for the +BME samples (red circles, Fig. 3 ). Under both aerobic and anaerobic conditions, the +BME conditions provide more rapid Fe depletion. Because the same Tris:TSB medium was employed for all samples, this observation likely indicates that deoxygenation of Tris:TSB used for the anaerobic experiments did not have a marked effect on its Fe redox speciation. We note that the data suggest somewhat accelerated depletion of Fe from the −BME medium compared to that observed under aerobic conditions and in the absence of a reducing agent, which is most apparent at the 8-h time point where CP-Ser decreases the Fe content ≈3.1-fold under anaerobic conditions (−BME) compared to ≈1.9 under aerobic conditions (−BME).
Fe(II) Accumulates in the Presence of CP
To further evaluate the Fe-depleting activity of CP and test our hypothesis that CP shifts the redox equilibrium of Fe towards the Fe(II) oxidation state under aerobic conditions, we examined the redox speciation of Fe in aqueous buffer containing 10 μM Fe(III) citrate and either 10.5 μM (250 μg/mL) CP-Ser or the ΔΔ variant, the latter of which has neither the His 3 Asp nor the His 6 metal-binding site (Table S1 ). We quantified Fe(II) and total Fe over time in these solutions by using a ferrozine assay (Fig. 4, S5) . Over the course of 72 h, the presence of CP-Ser caused the [Fe(II)]/[Fe(III)] ratio to increase, whereas the presence of ΔΔ had negligible effect on the redox speciation of Fe. These results indicate that CP promotes the reduction of Fe(III) to Fe(II), and are consistent with the notion that Fe depletion results from Fe(II) chelation by CP.
Fe(II) Chelation by a Small Molecule Influences the Iron Redox Speciation
Based on our observations that CP causes an increase in the [Fe(II)]/[Fe(III)] ratio over time, we considered whether this phenomenon occurs with other high-affinity Fe(II) chelators. 2,2′-Dipyridyl (DP) is a neutral bidentate ligand that forms a [Fe(DP) 3 ] 2+ complex (K d,Fe(II) = 3.0 × 10 −18 M). 51, 52 Similar to the hexahistidine motif of CP, [Fe(DP) 3 ] 2+ exhibits an octahedral site where the Fe(II) ion is coordinated by six neutral nitrogen-donating ligands. Moreover, DP is commonly employed in microbiology experiments to mimic Fe-limited conditions, and the evolution of a pink color in the growth medium is indicative of formation of [Fe(DP) 3 ] 2+ (ε 522 = 8,650 M −1 cm −1 ). 51 We added DP to TSB, BHI and LB media, and to buffer containing 10 μM Fe(III) citrate, and monitored formation of [Fe(DP) 3 ] 2+ by optical absorbance spectroscopy (Fig. S6) . The absorbance at 522 nm increased over the 48-h duration of the experiment. Quantification of total Fe content by ICP-MS (Tables S2) and bound Fe(II) using the reported extinction coefficient of [Fe(DP) 3 ] 2+ ( Fig. 5 ) revealed that >40% of the total Fe was bound after a 48-h incubation of each sample. This trend is similar to the time-dependent Fe depletion observed when media was treated with CP-Ser (Fig. 2B ).
Siderophores Attenuate Fe Depletion by CP Under Aerobic Conditions
Siderophores are secondary metabolites that coordinate Fe(III) with high affinity. 11 Under conditions of Fe limitation, bacteria biosynthesize and release siderophores to scavenge Fe(III) from the environment. This process is an accepted facet of bacterial pathogenesis, and many siderophores are considered to be virulence factors. Because of the likelihood that siderophores and CP can be co-localized at sites of infection, we monitored Fe depletion from Tris:TSB by CP-Ser in the presence of siderophores (Fig. 6) . We supplemented the medium with 3 μM of desferrioxamine B (DFO), 53 enterobactin (Ent), 54 or staphyloferrin B (SB) 55 (Fig. S7 ). This concentration was chosen because Tris:TSB contains ≈3 μM Fe. The siderophores (400-700 Da) pass through the 10-kDa filter used in this experiment (Fig. 2A) ; thus, Fe(III)-siderophore complexes that form are present in the CP-treated medium analyzed by ICP-MS. We observed markedly attenuated Fe depletion by CP-Ser in the presence of siderophores (Fig. 6 ). Negligible Fe depletion occurred when Tris:TSB was supplemented with DFO or Ent, and only ≈30% of Fe was depleted in the presence of SB at the 48-h time point. These results suggest that the (i) Fe predominantly exists as Fe(III) in Tris:TSB, and (ii) formation of Fe(III)-siderophore complexes in the medium precludes CP from binding Fe under aerobic conditions.
Phenazines Accelerate Fe Depletion by CP
Pyocyanin (PYO) is a redox-cycling phenazine and a conserved virulence factor of P. aeruginosa. 56, 57 One of the accepted functions of PYO during infection is to reduce Fe(III)
to Fe(II) in the extracellular space. This process can cause oxidative stress to the host and other microorganisms by promoting the production of reactive oxygen species through Fenton chemistry. 58 Moreover, it can provide a source of nutrient Fe(II). We observed that supplementation of Tris:TSB with 10 μM PYO resulted in enhanced Fe depletion by CP, comparable to levels observed in the presence of ≈3 mM BME (Fig. 7) . This result indicates that redox-cycling metabolites can promote Fe(II) sequestration by CP.
Discussion
In this work, we show that the Fe-depleting activity of CP depends on the redox environment, and that conditions favoring Fe(II) provide relatively rapid depletion of this metal by CP. Moreover, we report that under aerobic conditions and in the absence of a reducing agent, CP causes the [Fe(II)]/[Fe(III)] ratio to increases over time. This observation indicates that Fe(II) coordination by CP causes a shift in the redox speciation of Fe towards Fe(II).
From the standpoints of coordination chemistry and Fe redox speciation, a comparison of CP to well-characterized small molecules that bind Fe with high affinity is informative. The relative affinities of a given ligand for Fe(III) and Fe(II) can be correlated to the Fe(III)/ Fe(II) reduction potential for the corresponding complex (Table S3) . 59 In general, ligands that employ more electron-donating atoms exhibit higher affinity (lower K d values) for Fe(III) relative to Fe(II) and lower reduction potential (Eº) values. In an extreme case, the tris-catecholate siderophore Ent with six negatively charged oxygen-donating ligands (Fig.  S7) has one of the highest known Fe(III) affinities and a remarkably low reduction potential value (Eº = −0.75 V vs. SHE). 60, 61 For ligands that prefer Fe(II) over Fe(III), such as DP and phenanthroline (phen) that employ neutral nitrogen-donating ligands, reduction potentials are relatively high (Eº = 0.82 V vs. SHE). 52 The His 6 motif of CP comprises an Fe(II) coordination environment similar to the primary coordination spheres of [Fe(DP) 3 ] 2+ and [Fe(phen) 3 ] 2+ in that six nitrogen-donors bind the metal ion, and our work demonstrates that this biological site stabilizes the formation of the Fe(II) ion.
From the standpoint of how CP contributes to the host/microbe interaction, our studies suggest microbial metabolites that are involved in virulence and Fe homeostasis can modulate the battle between CP and microbes for nutrient metals. In particular, our work indicates that metallophores and redox-cycling metabolites, which contribute to metal speciation at infection sites, require consideration in mechanistic studies of metalwithholding by CP.
Siderophores are important Fe(III)-scavenging secondary metabolites utilized by many bacterial pathogens to acquire this metal nutrient from the host, and these molecules are considered to be virulence factors. 11 The ability of siderophores to prevent Fe depletion by CP likely points to an unappreciated facet of the tug-of-war for nutrient Fe between host proteins and microbial Fe acquisition systems. Additionally, phenazines are virulence factors of P. aeruginosa that reduce Fe(III) to Fe(II) in the extracellular space. We found that PYO enhances the ability of CP to coordinate Fe(II) under aerobic conditions, and suggests that phenazines and other redox-active metabolites may influence what metals are sequestered by CP at biological sites. The observations from this work allow us to hypothesize that CP may contribute to iron homeostasis in reducing or low-oxygen environments that favor Fe(II), and under conditions where microbial siderophore production is low and microbial Fe(II) uptake machinery is employed. Along these lines, CP was identified early on as the "cystic fibrosis antigen." 62 P. aeruginosa is an iron-centric Gram-negative bacterium that colonizes the lungs of cystic fibrosis patients and causes debilitating chronic infections. 28, 29 A large body of evidence demonstrates that: (i) the infected regions of the cystic fibrosis lung are reducing and hypoxic; 63, 64 (ii) Fe(II) is an abundant and important iron source for P. aeruginosa in this environment; 27 and (iii) phenazine concentrations and the [Fe(II)]/[Fe(III)] ratio in cystic fibrosis sputum increase as lung function declines. 65 Taken together, the chemical and redox environment of the infected CF lung favors Fe(II) and may also promote Fe(II) chelation by CP. We reason that evaluating the interplay between P. aeruginosa and CP in the context of chronic CF lung disease may reveal new insight into the human metalwithholding response as well as the homeostasis of iron and other transition metal nutrients at the host/pathogen interface.
Conclusion
CP is an important innate immune protein that contributes to the first line of defense against invading microbes by sequestering nutrient transition metals. This work shows that CP can influence the oxidation state of Fe in solution and stabilizes Fe(II) under aerobic conditions. It is possible that the ability of CP to influence Fe redox speciation plays a physiological role in Fe homeostasis at the host-pathogen interface. These exploratory studies provide a foundation for future investigations aimed at understanding the interplay between CP, microbes, and Fe.
Experimental Materials and General Methods
All chemicals were obtained from commercial suppliers and used as received unless otherwise noted. Milli-Q water (18.2 MΩ•cm, 0.22-μm filter) was used for all aqueous solutions and media. Buffers were prepared with Ultrol grade HEPES (Calbiochem), TraceSELECT NaCl (Sigma), and TraceSELECT NaOH (Sigma) in acid-washed volumetric glassware, using disposable plastic spatulas. Metal stock solutions were prepared in acidwashed volumetric glassware. Ca(II) stock solutions (1.0 M) were prepared with 99.99% anhydrous CaCl 2 (Sigma) in water. Fe(III) stock solutions (100 mM) were prepared by dissolving 99.99% FeCl 3 (Sigma) in 0.1 M HCl (diluted from a concentrated solution, trace metals basis, Sigma), and stock solutions of Fe(III) citrate (50 mM) were prepared by preparing a 1:1 (v/v) mixture of the FeCl 3 stock solution and a 100-mM solution of sodium citrate tribasic dehydrate (≥99.5%, Sigma). Fe(II) stock solutions (100 mM) were prepared by dissolving 99.99% (NH 4 ) 2 Fe(SO 4 ) 2 •6H 2 O (Sigma) into deoxygenated water in a nitrogen glove box (Vacuum Atmospheres Company OMNI-LAB). All Fe(II) solutions were handled anaerobically. Working metal stock solutions prepared by serial dilution immediately before each experiment and stored in polypropylene containers.
All proteins were overexpressed and purified as described previously. 46, 50 Native CP was purified in the presence of 5 mM 1,4-dithiothreitol (DTT, OmniPur, Calbiochem). CP variants are based on CP-Ser, the heterooligomer of S100A8(C3S) and S100A9(C42S) ( Table S1 ). Tryptic soy broth (TSB), blood-heart infusion (BHI) medium, and Luria-Bertani (LB) broth were prepared by dissolving commercially available powder (BD) in water and autoclaving in glass bottles. Tris buffer (50 mL) containing 20 mM Tris, 100 mM NaCl, 2 mM CaCl 2 , pH 7.5 in the absence and presence of 5 mM BME (Alfa Aesar) was prepared by diluting stock solutions of 1.0 M Tris-HCl (molecular biology grade, Alfa Aesar), 1.0 M NaCl (molecular biology grade, Sigma), and 1.0 M CaCl 2 . This buffer was sterilized by syringe filtration (0.22 μm). Mixtures of Tris:TSB ±BME, Tris:BHI ±BME, and Tris:LB ±BME were routinely prepared by Mixing a 62:38 (v:v) ratio of Tris buffer and sterile medium in sterile 50-mL Falcon tubes. Amicon spin filters (10K MWCO, 4 mL or 15 mL, Millipore) were used to remove protein from media samples.
Optical Absorption Spectroscopy
Absorbance measurements were conducted using a Beckman Coulter DU 800 spectrophotometer with a Peltier temperature controller set to 25 ºC. A BioTek Synergy HT plate reader and a Take3 plate were routinely used to determine CP concentration (ε 280 = 18,450 M −1 cm −1 , calculated using the ExPASy ProtParam online tool from SIB Swiss Institute of Bioinformatics). Optical density (OD 600 ) measurements for bacterial cultures grown in flat-bottom 96-well plates (Corning, Inc.) were conducted by using the plate reader.
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
Elemental analysis was conducted using an Agilent 7900 ICP-MS system in helium mode outfitted with an integrated autosampler housed in the Center for Environmental Health Sciences (CEHS) Core Facility at MIT. The instrument was calibrated using standards prepared by serially diluting an Environmental Calibration Standard solution (Agilent) into 3% nitric acid, which was prepared from concentrated HNO 3 (trace metals basis, Sigma) diluted in Milli-Q water. The concentrations of Mg, Ca, Mn, Fe, Co, Ni, Cu, and Zn were quantified, and 1 ppb terbium (Agilent) was used as an internal standard. Samples were generally prepared in 15-mL Falcon tubes, and 2-mL samples were transferred to acidwashed plastic ICP-MS vials and analyzed.
Medium Metal-Depletion Assays
The metal content of CP-treated medium was measured over time following a modified protocol. 24 Protein samples were buffer exchanged into Tris buffer (20 mM Tris, 100 mM NaCl, 3 mM CaCl 2 pH 7.5) using 0.5-mL 10K MWCO Amicon spin filters (Millipore). For a standard assay, 20 mL of medium were incubated with 10.5 μM CP in 50-mL Falcon tubes at 30 ºC, 150 rpm. At time points t = 2, 4, 8, 24, and 48 h, ≈2.5 mL of medium were transferred to a spin filter and centrifuged (15 min, 3750 rpm, 4 ºC). The flow through or "CP-treated medium" (2 mL) was transferred to a 15-mL Falcon tube, to which 100 μL of concentrated HNO 3 and 1 ppb Tb (40 μL of 50 ppb Tb) were added. The samples were analyzed by ICP-MS. To measure the metal content before CP treatment (t = 0 h time point), an untreated medium sample was run for every experiment.
To determine the effect of siderophores on metal depletion, siderophore (3 μM) was preincubated in Tris:TSB −BME prior to the CP-treatment protocol described above. Desferrioxamine B (DFOB) was purchased from Sigma, and a 100-mM stock solution was prepared in water. Enterobactin (Ent) and staphyloferrin B (SB) were synthesized as previously described, 55, 66 and stock solutions (≈20 mM) were prepared in anhydrous dimethyl sulfoxide (DMSO, Sigma). For metal-depletion samples containing pyocyanin (PYO), 10 μM PYO (≥98%, Sigma, 10 mM stock solution in DMSO) was added to Tris:TSB −BME prior to the CP-treatment protocol described above. PYO from a 1-mM stock solution prepared in DMSO. Samples containing PYO or SB were stored and incubated in the dark.
Metal-depletion assays were also performed under anaerobic conditions in a glove box. The inside of the glove box was sterilized by wiping surfaces with isopropanol. For these experiments, TSB was prepared in the glove box by dissolving powder into deoxygenated water and sterilized by syringe filtration (0.22 μm). The Tris:TSB ±BME solution was prepared by mixing filter-sterilized deoxygenated Tris buffer with TSB. Anaerobic samples were stored in 16 × 125 mm glass anaerobic Hungate culture tubes with a butyl stoppers and screw caps (Chemglass Life Sciences) and were incubated at 30 ºC, 150 rpm outside of the glove box. At each time point, the tubes were transferred into the glove box and an aliquot of sample was removed from each tube and transferred into a spin filter. For all assays, three independent trials were conducted, and the mean and SDM are reported (n = 3).
Fe Speciation Assay with Ferrozine
Before each trial, solutions of sodium ascorbate (Asc, ≥99.0%, Sigma; 1.5 mM in 0.2 M HCl), trichloroacetic acid (TCA, ≥99.5%, Sigma; 0.4 M in water), and ammonium acetate (trace metals basis, Sigma; 1.3 M in water) were prepared in 50-mL Falcon tubes. Stock solutions (100 mM) of ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt hydrate, 97%, Sigma) were prepared in water, partitioned into ≈1-mL aliquots in microcentrifuge tubes, and stored at −80 ºC until use. Working solutions of 6.17 mM ferrozine were prepared by diluting an aliquot of the stock solution into 0.1 M HCl.
Solutions (5 mL) of 10 μM Fe(III) citrate were prepared in 75 mM HEPES, 100 mM NaCl, 2 mM CaCl 2 , pH 7.0 and stored in 15-mL polypropylene culture tubes. To each solution, 10.5 μM (250 μg/mL) CP-Ser or ΔΔ was added. The samples were incubated at 30 ºC, 150 rpm. At time points t = 0, 24, 48, and 72 h, two 200-μL aliquots of each solution were transferred from the culture tube to two microcentrifuge tubes. To quantify the levels of Fe(II) and total Fe in solution, a modified ferrozine assay was conducted. 67 For each pair of samples, either 200 μL of 0.2 M HCl (to quantify Fe(II)) or 200 μL of 1.5 mM Asc (to quantify total Fe) were added, and then 200 μL of TCA were added. The resulting sample was vortexed for 10 s, heated to 95 ºC for 5 min, and centrifuged (13,000 rpm, 5 min, 4 ºC). The supernatant (300 μL) was transferred to a new microcentrifuge tube, and ammonium acetate (1.3 mM, 400 μL) and ferrozine (6.17 mM, 100 μL) were added. The sample was vortexed and a 500-μL aliquot was transferred to a disposable cuvette. The optical absorption spectrum (400-800 nm) was collected, and Fe was quantified using the extinction coefficient of the Feferrozine complex (ε 562 = 27,900 M −1 cm −1 ). 67 Standards (0-32 μM Fe(III) citrate) were also prepared and analyzed as above, and a standard curve was used to determine Fe concentrations of the samples. The Fe(III) concentration for each sample was determined by subtracting the Fe(II) concentration (−Asc) from the total Fe concentration (+Asc). Six independent trials were conducted, and the mean and SDM are reported (n = 6).
Treatment of Bacterial Growth Medium with 2,2′-Dipyridyl
Stock solutions of 100-mM 2,2′-dipyridyl (DP, ≥99%, Sigma, 100 mM in DMSO) were prepared, partitioned into ≈200-μL aliquots in microcentrifuge tubes, and stored at −80 ºC until use. In 15-mL culture tubes, 5-mL solutions of TSB, BHI, LB, and 10 μM Fe(III) citrate in buffer (75 mM HEPES, 100 mM NaCl, 2 mM CaCl 2 , pH 7.0) were prepared. For the t = 0 h time point, the absorbance spectrum (400-800 nm) for each sample was recorded. DP (1 mM) was then added, and the samples were incubated at 30 ºC, 150 rpm. At t = 2, 4, 8, 24, and 48 h, the absorbance spectra were recorded. Six independent trials were conducted, and the mean and SDM are reported (n = 6). For quantifying Fe(II) at each time point, the reported extinction coefficient of DP (ε 522 = 8,650 M −1 cm −1 , confirmed for the buffer conditions used in this work). 51 Total metal content of the media was quantified by ICP-MS. For a 2-mL sample of medium, 100 μL of concentrated HNO 3 and 40 μL of 50 ppb Tb were added, and the resulting mixture was analyzed.
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Significance
Calprotectin contributes to the metal-withholding innate immune response by limiting nutrient transition metal availability to microbes. We show that (i) the hexahistidine site of calprotectin, which binds Fe(II) with high affinity, contributes to a shift in redox equilibrium from Fe(III) to Fe(II) in solution, and (ii) secondary metabolites that are released by pathogens can attenuate or promote Fe(II) sequestration by calprotectin. This work indicates that the ability of calprotectin to modulate Fe redox speciation may influence Fe availability at biological sites. It highlights that the interplay of calprotectin, microbial metabolites, and metals may have consequences for the metal-withholding response and microbial pathogenesis. The CP heterodimer has two sites that bind transition metals (PDB: 4XJK). 36 Site 1 is the His 3 Asp motif, comprising residues His83 and His87 of S100A8 (green, α) and His20 and Asp30 of S100A9 (blue, β). Site 2 is the His 6 motif, comprising residues His17 and His27 of S100A8 and His91, His95, His103, and His105 of S100A9. The αβ heterodimer model of the crystal structure of CP bound to Mn(II) (pink sphere) at site 2, Ca(II) (yellow spheres) at the C-terminal EF-hand domains, and Na(I) (dark purple spheres) at the N-terminal EF-hand domains is shown. The N-and C-termini of each subunit are labeled. 
